In this manuscript we carry out a comparative analysis of p-i-n junction solar cells based on 10 stacks of InAs/GaAs quantum dots (QDs) capped with GaAs(Sb)(N) capping layers (CLs). The application of such CLs allows to significantly extend the photoresponse beyond 1.3 μm. Moreover, a strong photocurrent from the CLs is observed so that the devices work as QD-quantum well solar cells. The GaAsSb CL leads to the best results, providing a strong sub-band-gap contribution, which is higher than that in a sample containing standard GaAs-capped QDs, despite giving rise to the highest accumulated strain. The use of a GaAsN CL reduces the photocurrent originating from GaAs, pointing to electron retrapping and hindered extraction and/or the introduction of point defects as possible reasons for this. Nevertheless, the addition of N helps to balance the accumulated strain, necessary to stack a higher number of QD layers. In addition, the possibility to independently tune the hole and electron confinements by the simultaneous presence of Sb and N in the CL is also confirmed for 10 stacked QD layers. This not only allows to further extend the QD ground state and, therefore, the photoresponse, but also offers the possibility to design an optimized structure facilitating carrier extraction from the QDs. Nevertheless, carrier losses seem to be stronger under the simultaneous presence of N and Sb in the CL.
INTRODUCTION
Different approaches have arisen aiming to exceed the Shockley-Queisser efficiency limit. Particularly, stacking quantum dot (QD) layers is drawing an increasing interest during the last few years owing to their unique properties, which could be also exploited in this field. Self-organized QDs introduce new states within the material gap, extending the material photoresponse and thereby allowing the attainment of higher short-circuit currents [1] [2] [3] . In addition, higher efficiencies have recently been theoretically predicted basing on the multiple-exciton generation mechanism [4] , which has already been observed in many different QD systems [5] [6] [7] [8] [9] [10] [11] [12] . On the other side, the use of QDs has also been proposed as a possibility to develop the intermediate-band solar cell concept [13] , focusing most attempts on the wellknown InAs/GaAs system [14] [15] [16] . Additionally, the tuning of the QD properties by the application of a capping layer (CL) may provide all these approaches with additional advantages. In this respect, the beneficial impact of thin GaAsSb CLs on InAs/GaAs QD properties is already well known [17] and has been found to improve the characteristics of solar cells based on InAs QD stacks [3] . However, a drawback arises as to the strain accumulation, which limits the number of QD layers that can be stacked before the structure relaxation through extended defects. This disadvantage could be palliated by introducing N, which compensates the accumulated strain allowing the stacking of a larger number of QD layers [18, 19] . Hence, using a GaAsSbN CL could take advantage of both approaches, as well as of an independent control of the QD-CL conduction and valence band offsets [20] , which would allow designs facilitating carrier extraction while extending the photoresponse to longer wavelengths.
In this manuscript we present a study on the impact of using GaAs(Sb)(N) CLs for stacked InAs/GaAs QDs embedded in the intrinsic region of a p-i-n junction for solar cell applications. A comparative analysis among samples using GaAsSbN and both ternary counterparts is carried out with regard to the effect not only on the photoresponse of the devices, but also as to the accumulated strain and its relation with the luminescence and photovoltaic properties.
MATERIALS AND METHODS
All p-i-n junctions were grown in a molecular beam epitaxy system on n+-doped GaAs (001) substrates. 500 nm-thick nGaAs base and p-GaAs emitter were grown surrounding the intrinsic region, where the active region is embedded in the middle of 400 nm-thick undoped GaAs. The active region structure, schematically represented in Figure 1 , always contains 10 InAs QD layers. The QD layers were always grown under the same conditions, namely, at 450 ºC and 0.04 MLs -1 , giving rise to a density near 3·10 10 cm -2 . 5 nm-thick GaAsSb, GaAsN, and GaAsSbN CLs were grown at 470 ºC upon the QD layers growth in samples S-Sb, S-N, and S-SbN, respectively, being immediately covered by 10 ML of GaAs. Since high growth rates for these CLs have been found to provide improved characteristics in similar single QD layers [21] , a growth rate of 2 MLs -1 was use for all of them. An effusion cell was employed for Sb, while active N was supplied by a radiofrequency plasma source, applying always the same nominal Sb and N contents (10 and 2.0%, respectively). 30-nm GaAs spacers were grown at high temperature (580ºC), in order not to degrade the solar cells characteristics [22] , after the growth of 10 GaAs MLs at low temperature on the CLs. A sample where the QDs are directly capped with GaAs was also grown (S-0), as well as a control sample with no nanostructures in the intrinsic region. Standard fabrication techniques were used to fabricate 200 μm-diameter cylindrical mesa devices. A JEOL 2100 microscope operating at 200kV was used for transmission electron microscopy (TEM) imaging, completing the structural analysis by X-ray diffraction (XRD) techniques using an X'Pert PRO PANalytical system with CuKα1 radiation. PL measurements were acquired through standard locking techniques using a He-Ne laser as the excitation source and a nitrogen-cooled Ge detector. A quartz halogen lamp was used for photocurrent (PC) and current-voltage (I-V) measurements. 
RESULTS
Firstly, structural analyses through TEM measurements were carried out to analyze the superlattice structures in the different samples. Figure 2 shows conventional dark-field 002 TEM images from representative regions containing five QD layers from samples S-0 (a), S-Sb (b), S-N (c), and S-SbN (d). The period thickness can be directly estimated, being around 40 nm, near the expected value, in samples S-Sb, S-N, and S-SbN, and close to 50 nm in the case of S-0. This
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InAs QDs difference in the period of this sample is due to a deviation of the GaAs growth rate from the nominal value during the growth. In these dark-field contrast images, the presence of N is revealed as a darker contrast in the CL, as is shown in the sample S-N micrograph, while the presence of Sb results in a brighter contrast in the CL in samples S-Sb and S-SbN. The CL-GaAs interface can be clearly distinguished in all samples. The growth front remains flat and the CLs present a virtually constant thickness, homogeneously covering the QDs as a consequence of the high growth rates, leading to a suppression of the composition modulation present in samples simultaneously containing Sb and N [23] . Noteworthy is the fact that no extended defects were found in any sample, which is especially remarkable in the case of sample S-Sb, where the accumulated strain is higher. The samples were also analyzed by XRD in order to study the effect of the different CLs on the accumulated strain. High resolution XRD symmetric scans around (004) were measured in all samples and plotted in Figure 3 . The conservation of abrupt hetero-interfaces all through the superlattice structure is reflected in the formation of several satellite peaks, which also reveals a high periodicity. In this measurements, the position of the superlattice mean peak (S(0)) is a direct indicator of the accumulated strain, since it is directly related to the average lattice constant through the growth direction of the superlattice, given by the Bragg's law. Accordingly, the more strain is accumulated, the lower the angle corresponding to S(0) is, so that we would shift it to higher angles, approximating to that corresponding to GaAs substrate, when compensating the overall strain. The lowest accumulation of strain is found in sample S-N, which presents a higher diffraction angle for S(0), as compared to the reference sample. This means that the GaAsN CLs are acting as strain compensating layers, as expected [18, 19] , partially reducing the strain introduced by the presence of QDs in sample S-0. On the contrary, the use of GaAsSb CLs (larger lattice parameter than GaAs) leads to the highest accumulation of strain, being partially compensated with the simultaneous addition of N in sample S-SbN. The lower diffraction angle for S(0) in sample S-SbN as compared to that in sample S-0 is due to the low N to Sb ratio used in this study, below that for lattice-matching condition (≈2.7) [24] . The accumulated strain could be therefore further compensated by increasing this ratio.
A more precise value for the superlattice period can be now estimated from the distance between two satellite diffraction peaks:
where λ is the wavelength of the X radiation and θ 1 and θ 2 are the diffraction angles corresponding to the angular positions of the peaks n 1 and n 2 . Accordingly, the period thicknesses deduced for S-0, S,-Sb, S-N, and S-SbN are, respectively, 48, 40, 41, and 40 nm, in good agreement with the estimations from TEM images. (Figure 4 (a) ), together with a sketch of the expected QD-CL band structure in each case (Figure 4 (b) ). The reference sample (S-0) shows an emission peak at 1096 nm, while the use of the different CLs extends the emission to 1162, 1195, and 1281 nm in samples S-N, S-Sb, and SSbN, respectively. The PL peak is redshifted in 64 meV and 93 meV in samples S-N and S-Sb, respectively. On the other hand, a redshift of 163 meV is found in sample S-SbN, which is close to the addition of the shifts in the samples containing the ternary CLs, indicating an independent N-and Sb-induced modification of the band structure. This is expected from previous results [20] and confirms the possibility to independently tune the electron and hole confinement in stacked QD layers for solar cell applications. Nevertheless, sample S-SbN shows a reduced luminescence intensity, 
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_ probably due to the high simultaneous amount of Sb and N in the CL. Modified growth procedures or structures for the quaternary CL, such us ultra-thin GaAsSb/GaAsN superlattices, could be used to improve the structural quality of the CL [25] ). The full width at half maximum (FWHM) of the PL is 41, 57, 73, and 87 meV for samples S-N, S-0, S-SbN, and S-Sb, respectively, monotonically increasing with the accumulated strain. This means, therefore, that strain, and not the CL material or the PL wavelength, is the dominant factor affecting the PL FWHM. Room temperature dark I-V curves from the series of samples are shown in figure 5 . A representative I-V curve is selected from each sample, the dispersion between different diodes within a sample being relatively small. As observed, the introduction of InAs QDs leads to higher generation-recombination current in sample S-0 as compared to the reference GaAs sample. Nevertheless, it is reduced in samples S-Sb and S-N, where GaAsSb and GaAsN quantum wells (QWs) are present. This reduction in generation-recombination current is further enhanced when using the quaternary CL, in sample S-SbN. Nevertheless, the reverse current in this sample shows a stronger increase with the bias leading to a leakage current at -3V higher than in the reference sample. Moreover, weak oscillations in the current values are observed as a function of the reverse bias, which could be an indication of charge accumulation in the structure [26] . This suggests the possibility for the presence of some additional phenomenon affecting the I-V curves, besides the generation-recombination currents, as it could be a hindered transport as a consequence of the potential wells introduced by the CLs. Further experiments are ongoing in order to clarify this issue. The PC measurements from samples S-0 and S-Sb are represented in Figure 6 (a) together with that from the control sample (GaAs). When introducing InAs QDs embedded in the GaAs structure, the PC is significantly enhanced, leading to an extended photoresponse with a well-identified absorption from the QD ground and excited states and from the WL. The photoresponse in sample S-Sb is further extended by the effect of the GaAsSb CL on the QD confined levels. As expected from the PL, a broader photoresponse related to the QD ground state is also observed in this case. Moreover, the contribution of the CL to the PC becomes quite relevant, indicating that it behaves as an absorbing QW. Therefore, the structure acts as a hybrid QD-QW solar cell. All this leads to an enhanced PC over the whole range of wavelengths than that from S-0. On the other side, PC from samples S-N and S-SbN are represented in Figure 6 (b) also together with that from S-0 for comparison. The presence of the GaAsN CL also extends the photoresponse beyond that of sample S-0, showing a clear contribution to the PC from the QD ground state, as well as from the CL. Unfortunately, a lower PC originating from GaAs is now obtained, not only in sample S-N, but also in S-SbN. The addition of N, despite reducing the accumulated strain, is somehow yielding a degradation of the GaAs contribution to the PC, being critical to the overall PC collected from the samples. This indicates a hindered transport of carries throughout the structure under the presence of N. A possible reason for this is carrier retrapping in the N-containing CLs. Indeed, GaAs(Sb)N QWs with 2% N are expected to create a deep potential well in the conduction band of GaAs (~ 250-300 meV), which could act as a trap for electrons. Another possible reason could be the presence of N-induced point defects [27] , acting as nonradiative recombination centers and leading to the observed loss in PC. The simultaneous presence of the high amounts of Sb and N present in sample S-SbN could be contributing to a further origination of point defects, as a consequence of local inhomogeneities. The fact that the I-V curves in sample S-SbN show traces of charge accumulation would support the hypothesis of carrier retrapping over that of point defects, but this issue is still under investigation. 
CONCLUSIONS
The survey carried out on the effect of GaAs(Sb)(N) CLs demonstrates that the accumulated strain is the dominant factor affecting the FWHM for 10 stacked QD-based samples, showing a direct correlation whereby the PL peak is broadened with the accumulated strain. The possibility to independently modify the electron and hole confinement has also been confirmed, disposing of the possibility to combine band-engineering approaches with strain-balancing techniques. The control of the QD ground state through the application of GaAs(Sb)(N) CLs results not only in the extension of the photoresponse to wavelengths beyond 1.3 μm, but also in a significant contribution to the PC from the CLs, which makes the devices act as hybrid QD-QW solar cells. However, the introduction of N in the amounts used for this study seems to introduce point defects or act as a barrier for carries hindering an effective collection. Further strategies should be explored in order to exploit the possibilities offered by this system, such as different growth approaches or an optimization of the solar cells design. 
